ABSTRACT: Quantitative syntheses, structure determinations and interpretations, and band calculations are reported for the nonstoichiometric rhombohedral (R3̅ c) and monoclinic (C2/c) Sr 2 Au 6 (Au 3−x T x ) (T = Zn, Ga) compounds. Several different compositions of the two Sr phases were similarly refined from single crystal X-ray diffraction data as R3̅ c: a ≈ 8.43 Å, c ≈ 21.85 Å, Z = 6 and C2/c: a ≈ 14.70 Å, b ≈ 8.47 Å, c ≈ 8.70 Å, β ≈ 123.2°, Z = 4. The R3̅ c Zn phase is stable in the composition region x ∼ 2.5−2.9 whereas its C2/c neighbor is the major product at x ∼ 2.2−2.3. Gallium versions of both were also identified. Both R3̅ c and C2/c structural types contain hexagonal-diamond-like gold superlattices stuffed with strings of interstitial Sr and disordered triangular (Au,T) 3 units. The latter space group is a maximal, nonisomorphic subgroup of the former, and the decrease in interstitial radius from Ba to Sr (∼0.08 Å experimentally) evidently drives the symmetry reduction, relaxation, and small distortions, principally around the Sr sites. Au−Au bonding among the Au hexagons in the host lattices and with gold components in the triangular interstitials is dominant and reflected in their tight packing and short interatomic separations.
■ INTRODUCTION
Gold-rich intermetallic phases exhibit substantial diversities of structural motifs and bonding patterns, evidently because of the additional bonding associated with relativistic contractions and enhanced mixing of 6s orbitals with the penultimate 5d orbitals on gold. 1−6 These are reflected in smaller effective gold radii and strong covalent bonding interactions of gold with itself and with later metals in the typical high coordination environments within the A−Au−M systems we have recently investigated, for example, A = Na, K, Ca, Sr, Ba; M = Zn, Cd, Ga, In, Ge, Sn.
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The recently reported rhombohedral Ba 2 Au 6 (Au,T) 3 (T = Zn, Cd, Ga, In, Sn) series exhibit an unprecedented hexagonaldiamond-like gold host lattice in which tunnels extending along the c axis are filled by ordered Ba atoms and (Au,T) 3 triangles. 14 The structure can be viewed as a topological atom-by-triad substitution of the AlB 2 -type BaAu 2 (P6/mmm), together with the formation of delocalized bonding within the triangles and with the gold host lattice. It is of great interest to examine how the structure and bonding evolve when the Ba is replaced by smaller Sr atoms and how electronic factors matter when Zn is replaced by trivalent Ga. One germane fact here is that the corresponding binary aurides containing the smaller alkaline-earth metals Sr and Ca have CeCu 2 -type structures (Imma), in contrast to the AlB 2 -type BaAu 2 (P6/mmm). 15 Here, we report the systemic investigation of the corresponding phases in the Sr−Au−T (T = Zn, Ga) systems. The syntheses and structures for both the isotypic rhombohedral phases and the new monoclinic C2/c versions in the Sr 2 Au 6 (Au,T) 3 (T = Zn, Ga) systems result with the smaller Sr substituent and a higher Au contents. The crystallographic interrelationships between the two types along with a theoretical analysis of the new monoclinic derivative are presented. The neighboring Sr 2 Au 6 (Au,Al) 3 system has also recently been shown to contain similar rhombohedral and the monoclinic structures. 16 ■ EXPERIMENTAL SECTION Syntheses. The surfaces of dendritic Sr pieces (99.95%, Alfa Aesar) were manually cleaned with a surgical blade before use, whereas Au particles (99.999%, BASF) and Zn shot (99.99%, Alfa Aesar) were used as received. Designed compositions were loaded into precleaned Ta tubes within an argon-filled glovebox (H 2 O < 0.1 ppmv). The crimped Ta tubes were weld-sealed under argon in an arc welder and then enclosed in evacuated SiO 2 jackets (<10 −5 Torr) to avoid their air oxidation.
At first, predetermined compositions Sr 2 Au 6 (Au 3−x Zn x ) (x = 1, 2, 3) were reacted at 800°C for ∼10 h, slowly cooled to 400°C at a rate of 2°C/h, annealed there for two weeks, and finally quenched into water. Later on, similar samples were prepared for x = 2.2, 2.3, 2.4, 2.5 and Sr 2 Au 5 Zn 4 to check phase widths for the two different products (R3̅ c and C2/c phases). The X-ray powder pattern of the x = 3 sample showed the presence of a major fraction of the R3̅ c phase already known with Ba, 14 and this was later verified by the structural refinement of single crystal data as well as comparisons between experimental and simulated powder pattern data. Generally new but somewhat similar patterns were found with decreasing Zn (x = 2.3, 2.2, 2.0). Overall, the appearance of new lines for compositions with x < 2.5 represented the splittings of peaks from the rhombohedral parent, a rather clear characteristic of modest distortions accompanying symmetry degradation, and these were established to be those of a fairly closely related monoclinic structure with similar Sr 2 Au 6 (Au 3−x Zn x ) compositions. Additional peaks that appeared at x = 2.0 corresponded to those of SrAu 5 17 formed from an excess of gold, this being the major component at x = 1.0 (not listed). Table 1 contains a summary of the compositions studied, the estimated product distributions and refined lattice dimensions in the mixtures therein along with compositions refined from single crystals selected from each equilibrated sample, the loaded and refined phase compositions appearing in the first two columns. All products have metallic lusters and are stable in air at room temperature for a couple of months.
To check whether isostructural phases exist with other T, the compositions Sr 2 Au 6 (Au 3−x T x ) for x = 2, 3 were also investigated for T = Cd, Ga, In, Sn under the same conditions. The powder pattern of an equilibrated Sr 2 Au 6 Ga 3 composition was about 85% R3̅ c phase (and a crystal refined as Sr 2 Au 6 (Au 0.09(2) Ga 2.91 (2) ) whereas that for the Sr 2 Au 6 (AuGa 2 ) composition was ∼75% C2/c product (Table 1) . However, neither these or new structure types was detected for the other elements (Cd, In, Sn). Only the Sr−Au−Zn system received more detailed investigations with respect to the monoclinic version, the composition widths of both phases, and the nature of the structural change between them.
X-ray Diffraction Studies. Phase identities and proportions were checked on the basis of powder diffraction data collected with the aid of a STADI P powder diffractometer equipped with Cu K α radiation (λ = 1.54059 Å). Silicon (NIST 640c) was included with each sample as an internal standard. The detection limit of a second phase with this instrument and system was conservatively estimated to be about 5 vol % in equivalent scattering power. Phase identification was done with the aid of PowderCell, 18 and lattice parameters were refined with the aid of the program UnitCell 19 for data within a 2θ range of 15−70°. Single crystals held on glass fibers were mounted on a Bruker SMART APEX CCD diffractometer equipped with Mo K α (λ = 0.71069 Å). Data were collected with exposures of 10 s per frame over the entire reciprocal spheres, and the intensities were integrated with the SAINT program in the SMART software package. 20 Empirical absorption corrections were applied with the aid of the SADABS program. 21 The structures were solved by direct methods and subsequently refined on |F 2 | with a combination of least-squares refinements and difference Fourier maps.
Structure refinements for the R3̅ c Sr phase followed those procedures described before.
14 The C2/c symmetry for x = 2.3 product was first suggested by XPREP and SHELXTL 6.1.
22 Six independent sites were identified by the direct methods, and these were initially assigned as one Sr, four Au, and one Zn according to plausible Sr−Au/Zn (3.2−3.6 Å), Au−Zn (∼ 2.7 Å), and Au−Au (2.8−3.1 Å) bond distances. Further refinements revealed that Zn at the 8f site had an overly small isotropic displacement parameter (0.0043 Å 2 ), suggesting that it could be occupied by an Au/Zn admixture instead. The isotropic value increased to 0.016 Å 2 after Au mixing was allowed, and R1 decreased from 9.11% to 7.91%. Similarly, the large (0.0297 Å 2 ) parameter originally refined for Au at the 4e site decreased to 0.0138 Å 2 when Au/Zn mixing was allowed, and R1 further decreased to 6.23%. Full occupancy was suggested for the remaining sites because their deviations from 100% occupancy were <2σ. Final least-squares refinements, with anisotropic displacement parameters and a secondary extinction correction, yielded Sr 2 Au 6.71(2) Zn 2.29 (2) at R1 = 4.1%, wR2 = 7.86%, and GOF = 1.080 for 54 parameters refined from 1323 observed independent data. Single crystal data for the rhombohedral and monoclinic phases are listed in Tables 2 and 3 , respectively, whereas the positional data from all of these are in Table 4 . Supporting Information, Tables S1 and S2 (2) ). Powder pattern comparisons between those for bulk products and from single crystal analyses for various Sr 2 Au 6 (Au,T) 3 (T = Zn, Ga) samples are given in Figure 1 , Supporting Information, Figures S1, S2, and S3. Electronic Structure Calculations. Tight binding calculations were performed according to the linear-muffin-tin-orbital (LMTO) method in the atomic sphere approximation (ASA) 23, 24 to gain better understanding regarding the bonding in the new monoclinic phase, the rhombohedral structure having been so considered earlier for the Ba analogues.
14 An idealized monoclinic C2/c model for Sr 2 Au 7 Zn 2 is described later. No additional empty spheres were necessary beyond those described automatically, subject to a 16% overlap restriction between atom-centered spheres. All spheres had reasonable radii (Å): Sr: 2.17, Au1: 1.59, Au2: 1.56, Au3: 1.52, Au4: 1.56, and Zn: 1.45, respectively. Basis sets of 4d/5s/(5p) for Sr, 5d/(5f)/6s/6p for Au, and (3d)/4s/4p/for Zn (downfolded orbitals in parentheses) were employed, and scalar relativistic corrections were included in the calculations. The band structure was sampled at 12 × 12 × 12 k points in the irreducible wedge of the Brillouin zone. Crystal orbital Hamilton population (COHP) analyses 25 were also undertaken.
■ RESULTS AND DISCUSSION
Phase Distributions. The powder patterns for Sr 2 Au 6 (Au 3−x Zn x ) samples with the nominal compositions x = 2.50 (rhombohedral R3̅ c, top) and x = 2.20 (monoclinic C2/ c, bottom) are shown as black curves in Figure 1 along with the powder patterns (red) calculated from refined single crystals data for the respective compositions. The close agreement for each pair indicates that the synthesized products contain ≥95% of the desired phases. Such close agreements verify the correctness of the refined single crystal compositions for the two samples considerably better than could be achieved from microprobe, EDX, and so forth analyses. The reaction with x = 3 also produced ∼90% of the R3̅ c phase whereas reactions with x = 2.3 and Sr 2 Au 5 Zn 4 resulted in multiphased patterns (Supporting Information, Figure S1 ). The single crystal compositions for the three R3̅ c-based samples (see Table 1 ) put the breadth of this phase at between ∼97 and <84% Zn at 400°C, whereas the overall lattice dimension ranges are well established by the original powder data, Table 1 . In contrast, the reaction with more gold, x = 2.2, produced the new C2/c phase in ≥95% yield, but reactions with x = 2.0 yielded mixed products (Supporting Information, Figure S2 ). These more scattered results indicate that the monoclinic phase, now with two mixed Au/Zn positions, is homogeneous between 76% and somewhere below 72% Zn.
The range of valence electrons counts per atom (e/a) for the R3̅ c zinc phase is narrow, within 1.41−1.45 considering Au 5d 10 states as core, appreciably less than in the corresponding Ba system, 1.27−1.42; 14 similarly, e/a values for the C2/c zinc phase span only 1.37−1.39. The e/a datum for the galliumricher R3̅ c analogue analyzed is 1.71, larger than that for Ba parallel compound. (1) o . In contrast, the bottom large ring around Sr contains three longest (3.082(1) Å) and three shortest (2.852(1) Å) Au−Au distances, alternating each other as it accommodates to the larger triangular insert; thus there are two groups of internal bond angles in this ring (Figure 3a and Supporting Information, Figure S4 ). The bottom ring of Sr is shared with the M 3 interstitial below it, as the top ring of M 3 . Noteworthy is that the bottom ring around M 3 is symmetry equivalent with its top ring, by a rotation of 60°.
The new C2/c phase has the same formula but somewhat higher gold contents in the M 3 units, Sr 2 Au 6 (Au 0.71(2) Zn 2.29 (2) ) in the present case, but these seemingly require only modest geometric changes to generate a monoclinic lattice. Although the space group C2/c is one of the maximal subgroups of the parent R3̅ c group through a t3 operation, the relationship between these two lattices is not as straightforward as might be imagined because of the involvement of nonisomorphic transition(s) in later steps. According to group-subgroup theorem, a t3 operation can only change the hexagonal R3̅ c lattice to a monoclinic C2/c lattice with dimensions of (−1/3a + 1/3b − 2/3c, −a − b, c) or its equivalent. At least two other i3 operations, that is, (3a, b, a + c) and (1/3a, b, c), must also be taken to get to the present C2/c lattice thereafter. In the C2/ c structure, isosceles triangles M′ 3 (M′ = (M1) 2 M2) defined by mixed and disordered M1 (8f) and M2 (4e) sites now replace the former equilateral M 3 triangles (M = Au/Zn), retaining a single 2-fold axis though the M2 site. Even though considerable descent in symmetry is involved, the same basic structure remains, the most obvious distortions being in the environment of the smaller Sr atoms (Figure 3b ), which are less strongly bonded to the Au lattice than the triangular units (below). Figure 4 by the double columns generated by the C-centering; see more below.) Some recovery from the poor packing is achieved by increased binding of the Au-richer and somewhat larger Au/Zn units as M′ 3 establish the repeat distances between vertical interstitial chains along a, Figure 4 . In some more detail, the M1 (8f) site at this composition is dominated by ∼90% Zn but the M2 (4e) position (on the remaining 2-fold axis) is substantially equiatomic Au and Zn. The unique angle in the isosceles triangle is 58.9(1)°, and the opposed edge is 0.09 Å shorter. The hexagonal-diamond-like gold host lattice, formerly generated by 36f sites, is now defined by Au1, Au2, Au3, each in an 8f Wyckoff site (Z = 4). All puckered gold layers again have two differently sized but now lower symmetry sixmember Au rings that share edges (Supporting Information, Figure S5 ). Notwithstanding the structural changes, the first nine nearest-neighbor Sr−Au contacts have basically the same distance range, 3.23 to 3.34 (±0.01) Å, in both the R3̅ c and C2/ c structures when compared at the most similar Zn contents. On the other hand, the same comparisons for Sr versus Ba for the first nine contacts in R3̅ c do matter, as would be expected, but only by 0.08 Å. The last contrasts with a 10-coordinate difference of ∼0.16 Å in their general (Shannon) crystal radii, 26 which affords a useful observation about size differences in intermetallic bonding in the present phases. The Ba member a c h i e v e s 1 2 n e a r e s t -n e i g h b o r A u c o n t a c t s i n Ba 2 Au 6 (Au 1.11 Zn 1.89 ), but distances to two mixed (Zn, Au) sites in the triangular interstitials intrude for the 11th and a more distant 12th Sr contacts (Supporting Information, cif files). Gallium is not included in this comparison in view of the appreciable change in valence electron count and distances observed for Ga in the Ba systems. Table 5 , and the calculated total and partial orbital densities-of-states (DOS) and the various crystal orbital Hamilton populations (COHP 25 ) in this model are illustrated in Figure 6 . The presence of sizable DOS bands at the Fermi energy indicates that the monoclinic model would have a metallic character. The individual orbital DOS show the dominance of split Au 5d states, with some 6s mixing as well in the lower bonding region, whereas some 6p states extend above E F . Substantial interactions among a group of Sr 5s, 4d states with Au 5d and Zn 4s, 4p components lie in the lower part of the orbital DOS and in the −COHP data, all below −4 eV. The Sr 4d (5s)−Au 5d portion above about −6 eV reflects some sort of "back bonding" into cation states, simply put. The negative "filled band" nature of the Au−Au bonding around −3.5 eV is relatively small when compared with the full expanse of the Au−Au −COHP band at lower energies and, indeed, a similarly small effect is found around −3 eV for the comparable rhombohedral Ba 2 Au 6 (AuZn 2 ) 14 when allowance is made for the very different plotting scales. The relative contributions are in fact largely similar to those seen in other gold phases.
The overall trends, particularly in the Au−Au shell bonding over the series Ba 2 Au 6 (An/Zn) 2 (R3̅ c) through the corresponding Sr 2 Au 6 (An/Zn) 2 (R3̅ c) to monoclinic Sr 2 Au 6 (An/Zn) 2 (C2/c), are also relatively smooth when compared at similar Zn proportions in the other interstitial site, that is, 2.60/2.51/ 2.29 out of 3.00, respectively. The corresponding Au−Au distance ranges therein are 2.92−3.12, 2.85−3.08, and 2.61− 3.04 Å, reflecting the introduction of the smaller cation, and then the transition to a somewhat expanded monoclinic cell with some small increases in disorder or less tight bonding.
Some generalities about the sources of bonding in the model monoclinic phase are revealed in Table 5 in terms of bond distance ranges and average −ICOHP values, using Au H and Au T to distinguish hexagonal network from the triangular interstitial gold functions. The bond type with highest population per bond mol, Au H −Au T at 1.40 eV mol −1 , involves the unique interactions of the isolated Au-richer M2, the vertex of the isosceles triangle, with the hexagonal Au sheath. But there are three times as many Au H −Zn interactions with a somewhat lesser −ICOHP (1.04), the latter defining the unique edge of this triangle, and these sum up to nearly 34% of the total −ICOHP per cell; some of these are also the shortest bonds in the compound, 3.607 Å. The somewhat less frequent Au H −Au H interactions per cell account for 25% of the total in the structure. Interestingly, the most frequent contacts per cell, Sr−Au H (Figure 3) , are in third place, with 17% of the total −ICOHP. This complex structure exhibits a considerable range of interactions to define its stability, and yet at this point we have little idea of what the principal alternative products are. Overall, an increase in interstitial gold content in its many roles appears to be significant in the transformation from the high symmetry rhombohedral to this novel "relaxed" monoclinic version.
■ CONCLUSIONS
The present study gives a first look at the in-principle "simple" effects that a switch of a cation to its "simple" next smaller congener can have on the somewhat complex solid state chemistry for only two of the five examples of T in The observed and calculated X-ray powder diffraction patterns for R3̅ c and C2/c phases of Sr 2 Au 6 (Au,T) 3 (T = Zn, Ga) Figures S4, S5) . Crystal and refinement data for the R3̅ c phase in Sr 2 Au 6 (Au,Ga) 3 system (Tables S1, S2) . Single-crystal X-ray crystallographic information files (CIF) for all crystals so studied. This material is available free of charge via the Internet at http://pubs.acs.org.
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